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Introduction
There are three possible mechanisms for the conversion of parahydrogen on tungsten which will be in accordance with the observed kinetics. The first is a paramagnetic conversion (Bonhoeffer, Farkas and Rummel 1933) , but the equality of rates of the conversion and the H 2 + D 2 reaction rule this out (see the preceding paper, which I shall refer to as paper I). The second is that suggested by Bonhoeffer and Farkas (1931; Farkas 1931) 
2W + H 2^2 W H ,
where the recombination of hydrogen atoms within a loosely bound chemi sorbed layer is the rate-determining step. In paper I the reasons against this mechanism, which led to this research, have been given. A third possibility is an interchange reaction between parahydrogen molecules in a Vander Waals' layer and hydrogen atoms held in the strongly bound chemisorbed layer (Rideal 1939) The interchange of hydrogen in the adsorbed film pH 2 + WH HW + oH 2.
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The existence of this strongly bound layer has been experimentally demon strated by Roberts (1935)* A further possibility is that the conversion goes by mechanism (1) on a relatively small number of active spots, which would not be detected by Roberts's experiments (Farkas 1939) .
To distinguish between these possibilities the following experiment may be made. A WH surface is prepared by contacting a clean tungsten surface with hydrogen gas for a minute, followed by careful evacuation at room temperature for from 5 to 10 min., until the pressure in the tube cannot be greater than 10~7 mm. This evacuation ensures that all the hydrogen will be removed from the active spots (if they exist) postulated by Farkas, since it is the essence of mechanism (1) that this evaporation should proceed as rapidly as does the parahydrogen conversion at room temperature. This must be complete within a fraction of a minute, since at 1 mm. pressure with a wire surface of 1 cm.2 in a reaction volume of 300 c.c. the half-life of the conversion is about 0*01 min., as calculated from our previous results. Deuterium gas is then admitted to the tube at a definite pressure and catalyst temperature, and the rate of interchange measured. Subse quently the parahydrogen conversion is measured under the same conditions. If now the rate of interchange of deuterium for hydrogen atoms between the gas and the adsorbed layer is the same or closely similar to the rate of conversion, we can infer that the conversion proceeds by an interchange mechanism, that is by mechanism (2). In practice it was not possible to make a comparison of rates in quite such a clear-cut way as the above. It was only possible to detect a certain m inim um amount of exchange because of the limitations imposed by the volume and sensitivity of our micropirani gauge. A calculation based on these factors showed that a tungsten surface of at least 100 cm.2 was neces sary, and this ruled out the use of a wire. The most suitable catalyst appeared to be an evaporated film, which Farkas (1931) had already shown to possess considerable activity. On such a large surface the conversion proceeded too rapidly for a measurement of its rate to be made. Even at 77° K equilibrium was established within the few minutes required for an experiment. How ever, by combining data from wires with the area of the evaporated film calculated from adsorption experiments it could be shown that at this tem perature the half-life of conversion on the film was of the order of half a minute, that is, only just outside the range of accurate measurement. Accordingly, to establish mechanism (2) I had merely to show that the interchange equilibrium was reached in the minimum time of experiment of 4 or 5 min. This would mean that the two rates were within a factor 5. That the actual rates of the two mechanisms (1) and (2) should be within such a factor at 77° K is extremely unlikely, and such a result would therefore rule out (1) as a possible mechanism for the conversion. A preliminary com munication of these results has already been published (Eley and Rideal 1940).
Experimental details
The reaction tubes were of pyrex glass, 16 by 3*6 cm. diameter, and contained down their axis about 13 cm. of 0*1 mm. diameter tungsten wire, spot-welded at each end to heavy tungsten leads. They were sealed on to the vacuum apparatus already described in paper I, in place of the two-wire tube. The clean evaporated films were prepared as follows. The reaction vessel and trap were outgassed at 380° C for 2 days, the connecting tubing being thoroughly flamed from time to time. After this treatment the reaction system within the cut-offs held to 10~4 mm. overnight, with the furnaces on. Liquid air was placed on the trap adjacent to the wire, and the wire aged at 2500° K. The reaction vessel was then immersed in liquid air, the wire flashed, and the parahydrogen conversion on the wire examined. An active wire established the purity of the system and the gases used before the main experiments were made. In all cases recorded here the wire was as active as the clean wires previously examined (tubes la, 16), and the results have been already recorded (paper I, tubes 2, 3, 4, 5). The only technical difference between experiments with these wires and the earlier ones was the absence of a sodium film on the walls of the vessel. Finally, the reaction tube was carefully outgassed with the walls at room tempera ture and a current passed through the wire, starting at 1-8 amp. and rising to 2-7 amp., which was held until the wires burnt out, usually after 10 min. In this way a visible film of tungsten was formed on the walls of the tube. It was essential from then on to exclude all traces of oxygen from the film, or it would be irreversibly poisoned and another tube would have to be prepared. Experiments were made with four such films, which were found to be very reproducible in general behaviour.
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Results
(a) Adsorption of hydrogen by the clean film
The freshly formed film on contacting with hydrogen gas at room tem perature showed a rapid irreversible uptake of gas. Such behaviour was first observed by Roberts (1935) , using the accommodation coefficient method with a tungsten wire.
(1) In the first instance a pressure of hydrogen was let into the external tubing and McLeod gauge, which we refer to as volume Vv This gas was then expanded into the reaction vessel system, so as to occupy a total volume Vx + V2, before the wire was evaporated. Two pressure readings, made before and after admitting the gas to V2, served as a calibration for the subsequent measurement of adsorption.
(2) Secondly, the tube was evacuated and the evaporated film formed, and the above procedure repeated.
(3) Finally, the tube was pumped and the process repeated. To a first approximation the ratios of initial and final pressures should be the same in experiments 1 and 3. One might, however, expect a somewhat bigger pressure drop in 3 than in 1 because of Van der Waals' adsorption on the evaporated film. For the first tube experiments 1 and 3 agree well, but the second tube showed a discrepancy, the ratios being 3-3 (1) and 3-99 (3). Since the volumes in each case were identical and the value 3*99 agrees well with the ratios obtained for the first tube, I conclude that the value 3*3 is to some extent in error. Experiment 3 I take as the basis of calibration. Then for identical initial quantities of gas in experiments 2 and 3 (i.e. identical pressures in Vf), if the final pressures in + be p 2 and p*, the amount of gas adsorbed corresponds to a pressure of p * -p% in a volume (fi + f2)* Table 1 Interchange of hydrogen in the adsorbed film on tungsten 455 
D. D .Eley (c) Interchange experiments with adsorbed films (i)
Film temperature equals 293° K. For an experiment with deuterium the tungsten film was first contacted with hydrogen at 1 mm., carefully pumped, and then a pressure p of deuterium was admitted for t min., after which it was removed to the micropirani gauge for analysis. Where experi ments were made with hydrogen the film was first contacted with deuterium. This technique was modified in the experiments marked with an asterisk, where the charge of gas indicated was admitted to the reaction vessel as soon as it had been pumped out after the preceding experiment. The results shown in 128 and 129 show that equilibrium was, within experimental error, reached in 3 min. Experiments 148 and 149 show that the effect was reversible, deuterium in the film exchanging with gaseous hydrogen. It is apparent that when the amounts of hydrogen in the gas phase and the adsorbed film are comparable, as they are here, then the observed amount of exchange will be a function of the pressure. For example, if the free energies of adsorption of deuterium and hydrogen are equal, then for the cases where adsorbed gas equals in quantity that in the gas phase, we should expect only a 50 % replacement of deuterium by hydrogen in the gas phase. At lower gas pressures we should, however, obtain a greater percentage replace ment, and at higher pressures a lower percentage. The absolute amount of exchange, that is, the pressure times the percentage hydrogen in the deuterium, should increase with pressure to a limit, analogously to the Langmuir isotherm. Such behaviour was in fact found, as shown in figure 1. Here I plot yp (denoted by D), where y is the fraction of hydrogen in the deuterium gas at the end of the experiment, read off from the calibration curve (paper I, figure 3), the resistance shifts QQ-Qt being taken from Interchange of hydrogen in the adsorbed film on tungsten 459 From the limiting value of the deuterium exchange at higher pressures we can calculate the area of the film. This value is 1*9 x 10-2 mm. D 2 in 350 c.c., i.e. 2-18 x 1017 mol., each of which will occupy two sites. Since there are 1*2 x 1015 sites per cm.2 the area of the film is 364 cm.2, which is only 15 % less than the value of 428 cm.2 determined in §3 (a), and in view of the fact that the volumes concerned were not calibrated accurately but calculated from dimensions the agreement is very satisfactory. One can conclude that most of the hydrogen within the stable chemisorbed layer will interchange rapidly with deuterium at 293° K.
The reality of these experiments is confirmed in two ways. In one an interchange experiment was attempted when only a small amount of tungsten had been evaporated, with a negative result. In another a film, previously active, was poisoned by a trace of oxygen and afterwards no interchange could be observed. B y partially poisoning the film in tube 4 it was possible to observe a direct correlation between the amount of inter changeable hydrogen in the film measured at 293° K, and the activity of the film in terms of the half-life (rj) of the ortho-para conversion at 77° K.
Active film:
Parahydrogen conversion, pressure 1 mm., Tj < 1 min. Deuterium exchange, 0-17 mm., 8 % hydrogen.
Partially poisoned film :
Parahydrogen conversion, pressure 1 mm., 3 min. Deuterium exchange, 0-16 mm., 1*5 % hydrogen. This gives strong support to the theory that a conversion goes through an interchange mechanism, between parahydrogen molecules and the strongly bound chemisorbed hydrogen.
(ii)
Film temperature equals 193° K. The experiments given in table 4
show that a rapid reversible interchange occurs at this temperature similar in amount to that found at 293° K. All the experiments were made with tube 3. In these experiments and those following at 77° K it is important to remember that the surfaces cited were made by contacting with the gas required, either D 2 or H 2, at a pressure of 1 mm. and a temperature of 293° K. Only after subsequent evacuation was the tube cooled to the temperature of the experiment.
(iii) Film temperature equals 77° K. Initially, all the experiments were made with a WH surface, the deuterium from the experiment being taken straight into the micropirani gauge. It was assumed that shifts in the para-ortho deuterium equilibrium could be neglected, but it will be shown that this is incorrect. The average shift observed of 0 0 2 ohm is much less than that observed at 193 and 293° K (the experimental error is about ± 0*01 ohm). This shift (1) While pH2 + WH interchanges rapidly, D 2 + WH does not do so because of the generaUy remarked lower reactivity of deuterium, which will be particularly evident at temperatures as low as 77° K. This is ruled out since the reaction H2 + D2->2HD went rapidly at this temperature.
(2) The equilibrium WH + D 2# W D + H2 lies well over to the left at 77° K. The previous results at 293° K suggest that at this temperature the equilibrium is in fact equaUy in favour of either isotope in the gas phase. Cooling the film to 77° K may well shift the equilibrium so far to the left that no exchange is detectable using deuterium gas. However, one would be able to detect interchange between a WD surface and H 2. Table 6 shows that this has in fact been found. Before analysis the hydrogen from the experiment was passed over the hot nickel wire, since of course a negative resistance shift of 0-36 ohm was brought about by parahydrogen formation alone. The nickel wire was checked for cleanliness and reproducibility by passage of normal light hydrogen over it from time to time. The experiments were with tube 5.
From the calibration curve (paper I) it is seen that the average value of Q( = 0-04 ohm at 0-1 mm. corresponds to 2 % deuterium in the gas phase.
At 0*1 mm. and 293° K for the reverse exchange we observed 9 % hydrogen in the gas phase. The discrepancy strongly suggests that the WD surface shows variations in activity and that in the time of experiment (6 min.) only 20-30 % of the adsorbed deuterium will exchange with hydrogen gas. This is supported by experiments 207 a to e, all at about 0-1 mm. pressure.
In two experiments over a total of 13 min. (207 a, 6), 4% of deuterium appeared in the gas. A further experiment over 17 min., 207c, failed to remove any more deuterium. The tube was pumped and the film raised to 293° K and then contacted with deuterium, when an interchange was observed of value 4 % at 0*166 mm. At 0*1 mm. we should expect about 5 % exchange, to be compared with the 9 % observed for a WH surface prepared in the usual way. It is apparent therefore that the surface must contain a quantity of deuterium equivalent to 4 % in the gas at 0*1 mm. pressure, taken up in the previous experiment at 77° K. This value should be equal to the amount taken up in the first experiment at 77° K as, in fact, it is. These qualitative considerations suffice to show that at liquid air temperature 20-40 % of the adsorbed hydrogen only is active. This does not of course imply a wide variation in the adsorption energy of deuterium between the active and inactive sites, since at 77° K the permitted range for an appreciable reactivity will be small. An increase in activation energy of 350 cal. will slow the reaction down tenfold, at this temperature. Such a small term might arise from the difference in the repulsion energy between adjacent hydrogen atoms in the adsorbed films on the 110 and 100 planes respectively. In a later paper a fuller more quantitative theory of these experiments will be attempted. The main point here brought out is that at 77° K an appreciable amount of the strongly bound chemisorbed hydrogen will interchange with gaseous hydrogen over a few minutes. It can there fore be concluded that the para-ortho conversion goes by an interchange mechanism, referred to in the introduction as mechanism (2).
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